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A bstract
Exclusive p0p0 p roduction  in tw o-photon collisions between a quasi-real and  a 
m id-v irtuality  photon  is studied w ith d a ta  collected a t LEP at centre-of-mass en­
ergies 183 GeV <  \ / s  < 209 GeV w ith  a to ta l in tegrated  lum inosity of 684.8 p b -1 . 
The cross section of the  process 7 7 * ^  p0p0 is determ ined as a function of the  pho­
to n  virtuality, Q 2, and  the  tw o-photon centre-of-mass energy, W YY, in the  kinem atic 
region: 0 .2  GeV2 < Q 2 < 0.85 GeV2 and  1.1 GeV <  W77 <  3 GeV.
Subm itted  to  Phys. Lett. B
1 In troduction
Recently, the  L3 C ollaboration m easured the  processes 7 7 * ^  p0p0 and  7 7 * ^  p+p- , where 
one of the  in teracting  photons, 7 , is quasi-real and  the  other, 7 *, is off-mass-shell and  has a 
v irtuality  in the  range 1 .2  GeV2 <  Q 2 <  30 GeV2 [1 , 2 ]. The cross sections of these isospin- 
rela ted  reactions have a sim ilar dependence on the  tw o-photon centre-of-mass energy, W77, 
and  are of similar m agnitude, though the  p+p-  cross section is system atically higher th a n  the 
p0p0 one. These features of p pair-production  a t high Q 2 are in contrast w ith the  observed 
suppression, and  different W77 dependence, of p+p-  production  [3] w ith  respect to  p0p0 [4,5] 
in the  d a ta  for Q 2 «  0 and  W77 <  2 GeV.
The observed behaviour of p pair-production  a t large m om entum  transfer is well described 
by the  Q CD-based m odel developed in Reference 6 , as shown by the analysis of the  L3 d a ta  
presented in Reference 7. O n the  o ther hand, p pair-production  by quasi-real photons is still 
no t well understood, despite a wide range of theoretical models [8,9]. Thus, the  study of the 
Q 2 evolution of p pair-production  between these two Q 2 regimes is an  im portan t task  in the 
experim ental investigation of vector meson pair-production  in tw o-photon interactions. This 
L etter presents results on the  m easurem ent of the  process:
+ -  + -  * + -  0 0e+e e+e 7 7  e+e p p (1 )
in a kinem atic region of in term ediate values of the  squared m om entum  transfer:
0 .2  GeV2 <  Q 2 <  0.85 GeV2 (2 )
and  for an invariant mass of the  hadronic system, W77, in the  interval:
1.1 GeV <  W77 <  3 GeV. (3)
The d a ta  sample used was collected by the  L3 detector [10] a t LEP a t centre-of-mass energies 
183 GeV <  i / s  <  209 GeV and corresponds to  an  in tegrated  lum inosity of 684.8 p b _1. Scattered 
beam  electrons1) which have rad ia ted  photons w ith v irtualities in the  range (2 ) can be detected 
( “tagged” ) by the  Very Small Angle Tagger (VSAT) [11]. The VSAT is an  electrom agnetic 
calorim eter m ade of BGO crystals installed around the  beam  line on opposite sides of the  L3 
detector, a t 8.05 m  from the  in teraction point. Its geom etrical acceptance covers the  polar angle 
range 5 m rad  <  9 <  10 m rad, for azim uthal angles in the  ranges -1 .2 5  r a d < 0 <  1.25 rad  and 
n —1.25 rad  < 0 < n + 1 .2 5  rad. W hen the  electron w ith the  largest scattering  angle is detected 
by the  VSAT, the  m axim um  v irtuality  of the  two photons, Q 2, is, to  good approxim ation, equal 
to  the  transverse m om entum  squared, pf, of the  final s ta te  hadron  system:
q 2  =  2 EbE s(1 — cos 9 s) ~  E s02s ~  p 2  , (4)
where E b is the  beam  energy, and  E s and 9s are the  energy and  the  scattering  angle of the 
tagged electron, respectively. The VSAT provides a m eans to  ensure selection of exclusive final 
sta tes by correlating the  scattered  electron and  the  detected hadron  system.
The p0p0 p roduction cross section is determ ined as a function of W77 and Q 2. The results 
are com pared to  the  generalised vector dom inance model (GVDM ) [12]. A m easurem ent of 
process (1 ) in a sim ilar kinem atic region was perform ed at lower centre-of-mass energy by 
the  PLU TO  C ollaboration [5]. The present m easurem ent represents a tenfold increase of the 
statistics com pared to  th a t m easurem ent.
1)Throughout this Letter, the term  “electron” denotes both electrons and positrons.
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2 Event Selection
The reaction (1), contributing to  the  process
e+e-  ^  e+e-^gn+n- n + n -  , (5)
is identified by a scattered  electron, etag, detected in th e  VSAT and four charged pions m easured 
in the  tracking cham ber. These events are collected by two independent track-triggers [13]. 
The trigger efficiency is determ ined from  the  d a ta  itself, m aking use of the  redundancy of the 
triggers, and  is around 94%.
Single-tagged events are selected by requiring one electrom agnetic cluster in the  VSAT. 
This cluster m ust have energy greater th a n  50% of the  beam  energy in order to  reduce the 
background and to  ensure a sufficient containm ent of the  electrom agnetic shower.
The event candidates m ust have exactly four tracks w ith zero to ta l charge. All tracks m ust 
come from  the  in teraction  vertex, have transverse m om entum  greater th a n  100 MeV and an 
energy loss in the  tracking cham ber com patible w ith  the  pion hypothesis.
Events containing muons are removed from  the  selected d a ta  sample. A search for secondary 
vertices is perform ed and  events w ith  reconstructed  neu tra l kaons are also rejected. Energy 
depositions above 60 MeV in the  electrom agnetic calorim eter, not associated w ith a charged 
track, are selected as photons. An event is allowed to  contain no more th a n  one such photon 
w ith  energy below 300 MeV which should not exceed 10% of the  to ta l energy of the  four-pion 
system. Events containing higher-energy photons are discarded.
According to  equation (4 ), the  transverse m om entum  squared of the  four-pion system  is 
used to  m easure the  Q 2 of the  event. It is required to  be in the  range (2). For an  exclusive 
final s ta te , the  projections of the  m om entum  vectors of the  electron tag  and  the  four-pion 
system  on to  the  plane perpendicular to  the  beam  direction m ust be back-to-back. Therefore, 
the  acoplanarity  angle, 0 aco, calculated from  the  difference between the  azim uthal angles of 
the  tagged electron and the  four-pion system, is required to  be less th a n  0.4 rad, as shown in 
Figure 1a.
A fter all cuts, 1958 events are observed. Their four-pion mass spectrum  is shown in Fig­
ure 2a. The region (3) is popula ted  by 1836 events, which are used for the  cross section 
determ ination. The mass d istribu tion  of the  n + n -  com binations of the  selected events, dis­
played in Figure 2b , shows a strong p0 signal. A prom inent clustering of entries is observed 
a t the  crossing of the  p0 mass bands in the  correlation plot of the  masses of the  neu tra l n + n -  
com binations, shown in Figure 2c. No such resonance struc tu re  is observed in the  correlation 
plot of the  masses of the  n+ n+  and n - n -  com binations, presented in Figure 2d. These features 
of the  tw o-particle mass correlations give evidence for a signal from p0p0 in term ediate states.
We also inspect the  two- and three-pion mass d istributions in the  d a ta  for production of 
higher-m ass resonances. The only statistically  significant evidence is for production of the 
f 2(1270) resonance, which appears in the  two-pion mass spectra  in the  intervals 2 .1  GeV <  
W77 <  2.5 GeV and 2.5 GeV <  W77 <  3 GeV as illu stra ted  in Figure 3 . M easurem ent of 
f 2(1270) production  is beyond the  scope of the  present study, which is concentrated  on p0 
pair-production.
3
3 M onte Carlo M odelling and Studies
To estim ate the  num ber of p0p0 events in th e  selected four-pion d a ta  sample, we consider 
non-interfering contributions from  the  processes:
* 0 + —
7 7  p n  n  ;
7 7 * ^  n + n —n + n — , n o n -re so n a n t.
(6 )
To take into account f 2(1270) production in the  region W77 >  2.1 GeV, we also consider 
contributions from  the  processes:
M onte Carlo samples of processes (6 ) and (7) are generated w ith the  E G PC  [14] program . 
A bout 4 million events are produced for each of the  processes (6 ) , about 3 million events for 
the  first of the  processes (7) and 1.6 million events for the  two rem aining processes. The W77 
and Q 2 dependence are those of the  7 7  lum inosity function [15] and  only isotropic production 
and  phase-space decays are included. The generated  events are passed th rough  the  full L3 
detector sim ulation using the  G EA N T [16] and  GEISHA [17] program s and  then  processed in 
the  same way as the  data , reproducing the  detector behaviour as m onitored in the  different 
da ta-tak ing  periods. The scattered  electrons are p ropagated  from  the  in teraction point to  the 
VSAT tak ing  into account the  influence of the  m agnetic field of the  L3 solenoid and the  LEP 
quadrupole m agnets installed between the  L3 detector and  the  VSAT [11].
For acceptance calculations, M onte Carlo events are assigned a Q 2-dependent weight, eval­
ua ted  using the  GVDM  form -factor [12] for b o th  photons. The detection efficiencies of process
(1 ) , calculated tak ing  into account the  detector acceptance and  the  efficiency of the  selection 
procedure, are in the  range of 2% — 4% and are listed in Tables 1 and 2 in different Q 2 and  W77 
intervals. The efficiency is m ostly lim ited by the  kinem atics of the  tw o-photon reaction which 
boosts the  hadronic system  along the  beam  direction, often resulting in low-angle tracks outside 
the  fiducial tracking volume. This geom etric acceptance is then  fu rther reduced by the  lim ited 
angular coverage of the  VSAT. The detection efficiencies for the o ther subprocesses from  (6 ) 
are of the  same m agnitude as the  p0p0 one and follow a sim ilar evolution w ith  Q 2 and  W77. 
Including the  / 2(1270) branching fraction into two charged pions, the  detection efficiencies for 
the  7 7 * ^  / 2p0 and  7 7 * ^  / 2n + n -  processes are of the  order of 2 % and the  detection efficiency 
of the  7 7 * ^  / 2 / 2 process is abou t 1 .2 %.
For M onte Carlo events passing the  selection, the  generated energy of the  tagged electron 
always exceeds 90% of the  beam  energy, w ith an average <  E s/ E b >  =  0.987. This ensures 
th a t the  approxim ation of Q 2 by pf, given by relation (4), is valid w ithin 1 % in the  region (2 ) . 
The Q 2 resolution is determ ined by the  m easurem ent of pf and  varies between 8 % and 10%; 
the  resolution on W77 is b e tte r  th a n  3%.
(7)
4 B ackground E stim ation
The contribu tion  to  the  selected sample from e+e annihilation is negligible. Using 2 million 
M onte Carlo events of the  reaction e+e-  ^  e+e- t+t -  generated  w ith the  program  LE P4F [18],
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the  background contribution from  th is process is estim ated  to  be 0.6 ±  0.3 events and  is ne­
glected. The background is m ainly due to  partially  reconstructed  events from  tw o-photon 
interactions w ith  higher particle m ultiplicities in the  final s ta te , when tracks or photons escape 
detection. A nother background contribution arises from “fake tags” , i.e. random  coincidences 
w ith  off-m om entum  beam  electrons, which give a signal in the  VSAT. These signals correspond 
to  energy depositions com parable w ith the  beam  energy, and  are thus not removed by the  cut 
on the  energy of the  VSAT cluster.
To estim ate the  background due to  feed-down from  higher-m ultiplicity final states, we select 
a d a ta  sample of doubly-charged four-pion events, n + n + n + n -  and  n + n - n - n - , in which a t least 
two charged particles are undetected. In addition, we also select n + n - n + n - n 0 events which 
are used to  account for background events w ith  undetected  neu tra l pions.
All these events are required to  pass the  event selection procedure, releasing the  charge­
conservation requirem ent for the  doubly-charged events and considering only the  n + n - n + n -  
subsystem  of the  n + n - n + n - n 0 events. The 0 aco d istributions of the  accepted background-like 
d a ta  events are combined w ith the  d istribu tion  of selected n + n - n + n -  M onte Carlo events so 
as to  reproduce the  0 aco d istribu tion  observed in data . The result of th is procedure, applied for 
the  events in the  kinem atic region defined by (2) and  (3 ), is shown in Figure 1. The resulting 
background levels are quoted in Tables 1 and  2.
D edicated studies show th a t the  off-m om entum  beam  particles a t the  VSAT location are 
dom inantly on the  outer side of the  LEP ring. Therefore, the  rela ted  background would appear 
as an excess in the  num ber of events having a ta g  on the  outer side of the  accelerator ring, Nout, 
w ith  respect to  the  inner side, N jn. This feature is observed, for instance, in d a ta  when the 
cut on 0 aco is released, as shown in Figure 1b. In the  selected data , displayed in Figure 1c, the 
ra tio  Nout/N jra =  1.02 ±  0.05 is close to  unity, indicating th a t the  background from fake tags is 
small. The ra tio  of the  num ber of selected events having ta g  in the  forward versus backward 
directions along the  beam  line, 1.04 ±  0.05, is also com patible w ith  unity. We note th a t since 
the  two background-like d a ta  samples used in the  background estim ation originate from real 
physics processes, they contain a fraction of events w ith  fake tags and  take into account the 
effect of th is background.
5 F it M ethod
In order to  determ ine the  differential p0p0 p roduction rate , a m axim um  likelihood fit of the 
d a ta  to  the  sum  of the  processes (6 ) and  (7) is perform ed in intervals of Q 2 and  W77.
The param eter set, Q, com prising the  six two-pion masses in an event, nam ely the  four neu­
tra l com binations n + n -  and the  two doubly-charged com binations n± n± , provides a complete 
kinem atic description of a four-pion event in our m odel of isotropic production  and decay. For 
each d a ta  event, i, w ith  m easured variables Qj, we calculate the  probabilities, P j(Q j), th a t the 
event resulted from  the  j - t h  production m echanisms of the  six possible ones as listed in (6 ) and
(7). A likelihood function is defined as:
6 6
A =  n z  Aj Pj (Q j) , =  1, (8 )
i j =1 j =1
where the  fit param eter Aj is the  fraction of process j  in the  n + n - n + n -  sample for a given 
Q 2 or W77 b in  and the  p roduct runs over all d a ta  events in th a t bin. The probabilities Pj are 
determ ined by the  six-fold differential cross sections of the  corresponding process, using M onte 
Carlo samples and  a box m ethod [19].
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In the  fits we assume th a t the  processes (7) involving / 2(1270) production  contribute only 
for W77 >  2.1 GeV, as suggested by the  spectra in Figure 3. We find the  / 2 content in the 
d a ta  to  be well described by the  / 2n + n -  and  / 2p0 contributions only. Therefore, in order to  
reduce th e  correlations between the  fitted  param eters and  their uncertainties, we exclude the 
process 7 7 * ^  / 2 / 2 from  further consideration. Thus, we perform  a five-param eter fit in the 
Q 2 bins and  in the  W77 bins for the  region W77 >  2.1 GeV, whereas th e  fits in the  W77 bins 
for W77 <  2.1 GeV have three param eters and  take into account only contributions from  the 
processes (6 ) .
As a check of the  fit m ethod, we find th a t the  maximum -likelihood fit reproduces the 
p0p0 content of M onte Carlo test samples w ithin s tatistical uncertainties. Since the  analysis 
procedure is optim ised for deriving the  p0p0 contribution, in the  following only the  p0p0 content 
and  the  sum  of the  rest of the  contributing processes, denoted as “o ther 4n” , are considered.
To check the  quality of the  fit, the  n + n -  mass d istributions of the  d a ta  are com pared w ith 
those of a m ixture of M onte Carlo event samples from  the  processes (6 ) and (7), in proportions 
determ ined by the  fit. The d a ta  and M onte Carlo d istributions are in good agreem ent over 
the  entire Q 2 and  W77 range. As an exam ple n + n -  mass d istributions are shown in Figure 3. 
The M onte Carlo production  m odel also provides a good description of the  m easured angular 
distributions, as shown in Figure 4.
6 R esu lts
The cross section, A a ee, of the  process e+e-  ^  e+e- p0p0 is m easured in bins of Q 2 and  W77. 
The results are listed in Tables 1 and  2, together w ith the  efficiencies and th e  background 
fractions. The sta tistica l uncertainties, listed in the  Tables 1 and 2, are those of the  fit. The 
differential cross section d aee/d Q 2, derived from A a ee, is listed in Table 1. W hen evaluating 
the  differential cross section, a correction based on the  Q 2-dependence of the  p0p0 M onte Carlo 
sam ple is applied, so as to  assign the  cross section value to  the  centre of the  corresponding Q 2 
bin [2 0 ].
To evaluate the  cross section, a 77, of the  process 7 7 * ^  p0p0, the  integral of the  transverse 
photon  lum inosity function, , is com puted for each Q 2 and W77 b in  using the  program  
GALUGA [21], which perform s O (a 4) QED calculations. The cross section a 77 is derived from 
the  m easured cross section A a ee using the  relation A a ee =  a 77. Thus, a 77 represents an 
effective cross section containing contributions from b o th  transverse and  longitudinal photon 
polarisations. The cross section of the  process 7 7 * ^  p0p0 is listed in Table 1 as a function of 
Q 2 and  in Table 2 as a function of W77. The sum  of the  cross sections of the  o ther contributing 
processes is also given in Tables 1 and  2.
Several sources of system atic uncertain ty  are considered. The contribution of the  selection 
procedure, as estim ated  by varying the  selection criteria, is in the  range 4% — 8 %. M onte Carlo 
statistics give a contribution in the  range 1.5% — 2.3%. The variations of the  acceptance ob­
served when a p-pole form -factor is used instead  of a GVDM  form -factor for re-weighting M onte 
Carlo events are in the  range 1% — 3% for m ost of the  kinem atic region. The uncertain ties of 
the  trigger efficiency, as determ ined from  the  data , are in the  range 1.9% — 4%. In order to  
estim ate the  system atic uncertain ty  of the  fit procedure, the  size and the  occupancies of the 
boxes in the  box-fit are varied, as well as the  num ber of bins in which the  d a ta  is divided for the 
fits. In particu lar, the  fits in Q 2 are perform ed using only th ree bins, which results in the  same 
in tegrated  cross section as in the  case of four Q 2 bins. A contribution of 3% — 7% is derived. 
Finally, an uncertain ty  of 2% — 4% is associated w ith  the  background determ ination.
6
All contributions are added in quadratu re  to  ob ta in  the  system atic uncertainties quoted in 
Tables 1 and  2.
7 D iscussion
The cross section of the  process 7 7 * ^  p0p0 as a function of W77 is p lo tted  in Figure 5 a , together 
w ith  the  sum  of the  cross sections of the  o ther contributing  processes. The shoulder in the  la tte r  
is due to  the  contribution of the  subprocesses involving / 2(1270) production. The m easured 
p0p0 cross section shows a broad  enhancem ent a t threshold. Figures 5b and  5c com pare the 
m easured cross sections w ith those m easured a t high Q 2 [1]. All cross sections decrease w ith 
Q 2 and the  variation w ith Q 2 of the  7 7 * ^  p0p0 cross section is more rap id  for low values of 
W77.
The m easured differential cross section d aee/d Q 2 of the  reaction e+e-  ^  e+e- p°p° is shown 
in Figure 6 a , together w ith  the  high-Q 2 d a ta  from Reference 1. It is fitted  to  a form  [22] 
expected from  Q CD-based calculations [23]:
d tJ ee ______________1______________  , .
dQ2 ~  Qn(Q2+ < W,n >2)2 ’ 1 ;
where n  is a constant and  <  W77 >  is the  average W77 value of 1.8 GeV for this m easurem ent. 
A lthough this form ula is expected to  be valid only for Q 2 ^  W77, we find it provides a good 
param etrisa tion  of the  Q 2 evolution of all d a ta  in the  interval 0 .2  GeV2 <  Q 2 <  30 GeV2, w ith 
an  exponent n  =  2.9 ±  0.1. In the  fit, which results in x 2/d .o .f . =  6.9/10 and is shown by the 
line in Figure 6 a , only the  statistical uncertainties are considered.
The m easured cross section of the  process 7 7 * ^  p0p0 as a function of Q 2 is shown in 
Figure 6 b , together w ith  the  L3 d a ta  for p0p0 p roduction  a t high Q 2 [1] and  the  PLU TO  
m easurem ent for 1 GeV <  W77 <  3.2 GeV [5]. The two d a ta  sets agree for Q 2 >  0.3 GeV2 
while for low Q 2 values the  L3 d a ta  lie below the  PLU TO  m easurem ent. The L3 d a ta  is fitted 
w ith  a form -factor param etrisa tion  based on the  GVDM m odel [12], which is found to  reproduce 
well the  Q 2 dependence of our m easurem ents. Only the  sta tistica l uncertainties are considered 
in the  fit, which results in x 2 /d .o .f . =  7.5/11. Figure 6 b also shows the  result of a p-pole 
form -factor fit to  the  PLU TO  data , as in reference 5. The L3 d a ta  cannot be described by the 
steeper fall of the  p-pole param etrisation .
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II
Q2 range 
[ GeV2 ]
e
[%]
Bg
[%]
ACree [ pb ]
P°P°
d a ee/d Q 2 [p b  /  GeV2] 
p°p°
<t77 [ nb ] 
p°p°
<t77 [ nb ] 
other 4?r
0 .2 0  -  0.28 2.4 8 12.5 ± 1 .1 8  ± 0 .7 9 155 ± 1 5  ± 1 0 9.65 ±  0.92 ±  0.62 15.6 ±  1.19 ± 0 .9 0
0.28 -  0.40 3.7 9 10.9 ± 0 .9 0  ± 0 .7 2 89.5 ±  7.4 ±  5.9 8.18 ± 0 .6 8  ± 0 .5 4 13.0 ± 0 .8 9  ± 0 .8 6
0.40 -  0.55 3.0 12 6.37 ± 0 .7 8  ± 0 .5 4 42.1 ±  5.1 ±  3.6 5.59 ± 0 .6 8  ± 0 .4 7 12.7 ± 0 .9 4  ± 0 .9 0
0.55 -  0.85 2 .0 2 0 6.80 ± 0 .9 5  ± 0 .8 3 22.1 ±  3.1 ±  2.7 4.63 ± 0 .6 5  ± 0 .5 7 7.86 ± 0 .8 1  ± 0 .7 9
Table 1: D etection efficiencies, e, background fractions, B g , and  m easured production  cross sections of the  reactions e+e-  ^  e+e- p0p0, 
77* ^  P°P° and of the  sum  of the  rest of the  contributing  processes, o ther 4n, as a function of Q 2 for 1.1 GeV <  W77 < 3 GeV. 
The values of the  differential cross sections are corrected to  the  centre of each bin. The first uncertainties are statistical, the  second 
system atic.
W ^-range 
[ GeV ]
£
[% ]
Bg
[% ]
Adee [ pb ] 
P°P°
<r77 [ nb ] 
p°p°
<t77 [ nb ] 
other 4?r
1.10 -  1.30 1.8 15 6.94 ±  1.08 ± 0 .7 7 8.05 ±  1.25 ± 0 .8 9 7.94 ±  1.43 ±  0.86
1.30 -  1.45 2.6 12 6.81 ± 0 .8 5  ± 0 .5 8 11.8 ±  1.48 ±  1.01 14.3 ±  1.83 ±  1.28
1.45 -  1.60 2.8 9 7.07 ± 0 .8 1  ± 0 .6 2 13.5 ±  1.55 ±  1.19 15.9 ±  1.83 ±  1.30
1.60 -  1.75 3.1 10 5.61 ± 0 .7 0  ± 0 .4 7 11.8 ±  1.46 ±  0.99 16.4 ±  1.77 ±  1.24
1.75 -  1.90 3.1 10 3.56 ± 0 .5 7  ± 0 .3 6 8.17 ±  1.32 ±  0.83 18.1 ±  1.86 ±  1.58
1.90 -  2.10 3.1 11 3.37 ± 0 .5 6  ± 0 .3 8 6.38 ±  1.07 ±  0.71 14.0 ±  1.40 ±  1.13
2.10 -  2.50 3.2 11 2.25 ±  0.44 ±  0.27 2.48 ±  0.49 ±  0.30 14.1 ±  1.07 ±  0.96
2.50 -  3.00 3.1 11 0.93 ±  0.28 ±  0.12 1.01 ± 0 .3 1  ± 0 .1 3 6.85 ± 0 .7 0  ± 0 .6 1
Table 2: D etection efficiencies, e, background fractions, B g , and  m easured production  cross 
sections of the  reactions e+e-  ^  e+e- p0p0, 7 7 * ^  p0p0 and of the  sum  of the  rest of the 
contribu ting  processes, o ther 4n, as a function of W77 for 0.2 GeV2 <  Q 2 < 0.85 GeV2. The 
first uncertain ties are statistical, the  second system atic.
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f  tag [rad]
Figure 1: (a) D istribu tion  of the  acoplanarity  angle, 0 aco, between the  electron and  the 
n + n - n + n -  system  for d a ta  (points) com pared to  the  four-pion M onte Carlo (open histogram ) 
and  the  background estim ated  from  the  d a ta  (hatched histogram ). The arrow indicates the 
selection cut. The shapes of the  M onte Carlo and the  background are fixed, and  the ir sum 
is norm alised to  the  to ta l num ber of events. (b) and (c) D istributions of the  azim uthal angle 
of the  tagged electron in the  selected events, 0 tag, for electrons in the  inner side of the  LEP 
ring (in) and, folded over it, d istributions for electrons in the  outer side of the  LEP ring (out). 
In (b) all cuts bu t the  acoplanarity  cut are applied and in (c) all cuts are applied and the 
corresponding four-pion M onte Carlo d istributions are also shown.
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Figure 2: Mass d istributions for the  selected events. (a) Mass of the  four-pion system, W YY. (b) 
Mass of n + n -  com binations (four entries per event). (c) C orrelation between the  lower versus 
higher mass com binations of the  n + n -  pairs (two entries per event). (d) C orrelation between 
the  masses of the  n+ n+  and n - n -  pairs. The tw o-dim ensional plots in (c) and (d) have a bin 
w idth  of 50 x 50 MeV2 and the  size of the  squares is proportional to  the  num ber of entries.
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Figure 3: Mass d istributions of n + n -  com binations (four entries per event) for the  three higher 
W77 intervals and  for the  to ta l sample for 0.2 GeV2 <  Q 2 <  0.85 GeV2. The points represent 
the  data , the  hatched area shows the  p0p0 com ponent and  the  open area shows the  sum  of the 
rest of the  contributing  processes. The fraction of the  different com ponents are determ ined by 
the  fit and the  norm alisation is to  the  to ta l num ber of events. The plot for the  entire W77 
range, 1.1 GeV <  W77 <  3 GeV, is a sum  of the  d istributions of all fitted  W77 intervals.
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Figure 4: Com parison of the  d a ta  and M onte Carlo angular d istributions for the  kinem atic 
regions (1 ) and (2 ): (a) | cos 0P |, the  cosine of the  polar angle of the  p0 w ith  respect to  the  7 7 * 
axis in the  7 7 * centre-of-mass system; (b) | cos 9n | , the  cosine of the  polar angle of the  pion in 
its parent p0 helicity-system; (c) A 0 , the  angle between the  decay planes of the  two p0 mesons 
in the  7 7 * centre-of-mass system; (d) | cos 0 ab |, the  cosine of the  opening angle between the 
two n+ directions of flight, each one defined in its paren t p0 helicity-system. There are two 
entries per event in (a), (c) and (d) and four entries per event in (b). The points represent 
data , the  hatched area shows the  p0p0 com ponent and  the  open area shows the  sum  of the  rest 
of the  contributing  processes. The fraction of the  different com ponents are determ ined by the 
fit and the  norm alisation is to  the  to ta l num ber of events.
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Figure 5: (a) Cross section of the  process 7 7 * ^  p0p0 (full points) and  the  sum  of the  rest of 
the  contribu ting  processes (open points), as a function of W77 for 0 .2  GeV2 <  Q 2 <  0.85 GeV2. 
The bars show the  sta tistica l uncertainties. The two sets of points have the  same binning and 
some points are horizontally displaced for b e tte r  legibility. Com parison of the  results of this 
m easurem ent and th a t a t high Q 2 [1] for (b) the  7 7 * ^  p0p0 process and  (c) the  sum  of the 
rest of the  contributing  processes.
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Figure 6 : The p0p0 p roduction  cross section as a function of Q 2: (a) differential cross section 
of the  process e+e-  ^  e+e- p0p0 and  (b) cross section of the  process 7 7 * ^  p0p0. The full 
points show the  results from th is m easurem ent, the  open points show th e  results from  the  L3 
m easurem ent of p0p0 p roduction  a t high Q 2 [1] and the  squares in (b) show the  results from the 
PLU TO  m easurem ent [5]. The bars show the  s tatistical uncertainties. The L3 m easurem ents 
are for the  interval 1.1 GeV <  W77 <  3 GeV and the  PLU TO  m easurem ents for 1 GeV <  
W77 <  3.2 GeV. The line in (a) represents the  result of a fit using the  Q CD -inspired form  of 
equation (9). The solid line in (b) represents the  result of a fit to  the  L3 d a ta  based on the 
GVDM m odel [12] and the  do tted  line indicates the  result of a fit to  the  PLU TO  d a ta  using a 
p-pole form-factor.
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